M ax -P lan ck -In stitu t fü r S trahlenchem ie, S tiftstraße 3 4 -3 6 , D-45413 M ülheim an der R uhr Z. N atu rfo rsch . 48b, 4 7 8 -4 8 2 (1993); received N ovem ber 2, 1992 13C N M R Spectra, UV Spectra, Phloroglucinol ,3C N M R an d UV spectroscopy o f aqu eo u s phloroglucinol over the pH range 2.6 to 15 c o n firm s th a t the d ian io n exists p red o m in an tly as the keto form (3,5-dihydroxy-2,5-cyclohexadienone dian io n 2 c, <5(>CH-,) = 46 ppm , <5(>CH) = 101 ppm , <5(C\C5) = 188 ppm , <5(C') = 197 ppm ). All o th er states o f ionization, i.e. n eutral l a (c>(>CH) = 98 ppm , <J(C',C3,C 5) = 160.9 ppm ), m o n o an io n lb (<5(>CH) = 98 ppm , <5(C',C3,C 5) = 164.4 ppm ) and trian io n Id (<5(>CH) = 100 ppm , <5(C',C3,C 5) = 170 ppm ) exist p redom inantly as the benzene form s. T here is som e evidence, consisting o f a b ro ad en in g o f the signals from the 3,5-dihydroxy-2,5-cyclohexadienone d ianion 2c in the pH range from ~9 w here they start to ap p ear, to -10 w here they a p p ro ach their m axim um values, for a small b u t noticeable equilibrium c o n c en tra tion o f the cyclohexen-l-ol-3,5-dione (m o n o an io n ) 3b o r the 3,5-dihydroxy-2,5-cyclohexadienone (m o n o an io n ) 2b form s. O th er keto form s have not been detected. The th ird p K a tu rn s o u t to be close to 14.
Introduction
In the course of a study [1] on the free-radical reactions of the polyphenol phloroglucinol (1,3,5-trihydroxybenzene 1 a) it became apparent that in basic solution the dianion 2 c of the tautom er, 3,5-dihydroxy-2,5-cyclohexadienone 2 a, plays a m ajor role. This came as no surprise since it is known that in basic solution (pH ~ 10-13) 2c dominates [21, as shown by 'H N M R [3] , indicating the pres ence o f a C H 2-group. Phloroglucinol is reduced by N aBH 4 in basic solutions [4] , and reacts with hydroxylamine to the trioxime [5] , pK a-Values o f 8.0 and 9.2 were found by titration [6] , However, addi tional quantitative inform ation was desirable as to the relative importance o f the tautom ers in their different states of dissociation, required for the above-mentioned study [1] , Therefore the question regarding the dissociation and tautom eric equili bria in the phloroglucinol system was taken up again, using 13C N M R and UV spectroscopy. In the course of this study we also found evidence for phloroglucinolate trianion Id at very high pH. These data now allow to give a coherent picture of various equilibria in this interesting system, with * R eprint requests to Prof. C. von S onntag.
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Experimental
For the 13C N M R experiments, phloroglucinol (Fluka) was dissolved at about 0.1 mol dm -3 in water containing 40% D 20 as deuterium lock, as well as 3-(trimethylsilyl)propionate-d4 (sodium salt; Merck, Darm stadt) as a reference (J = 0) in some cases. The solutions were bubbled air-free with argon before and during the pH adjustm ent in order to avoid the autoxidation of phlorogluci nol which otherwise occurs in alkaline solution. The pH of the solutions was adjusted with HC104 or KOH, and determined with a pH glass electrode which was calibrated against standard buffer solu tions. In phloroglucinol of pH above 13, the pH was estimated from the am ount o f KOH put in. 13C N M R spectra were taken on a Bruker AM-400 N M R spectrometer. UV spectra of phloroglucinol solutions (1.2* 10" 4 mol dm -3) at different pH were recorded on a Perkin-Elmer model Lam bda 5 spectrophotometer, precautions against autoxida tion being taken as above.
Results and Discussion
The 13C N M R spectra o f aqueous phlorogluci nol solutions vary with pH, as shown in T able I. 13C N M R spectroscopy o f phloroglucinol. pH -D ependence o f the relative intensities (peak heights) in %.
* A ssigned to 2 c; ** assigned to 1 a,b; *** assigned to 1 d; # betw een pH 8 an d 10.1, the signal shifts from <5 160.9 to 164.4; ** peak integrals in stead o f peak heights. ppm. They are attributed to C 1, C3, C5 and C2, C4, C6 of 1 a, respectively.
As the first pK a value of 8.0 [6] is approached, there is no appearance of an additional new signal that would indicate the emergence of a third non equivalent kind of carbon atom , but the signal at 5 = 160 ppm moves progressively toward ö = 164 ppm. This is understood when the assum ption is made that under the conditions of these experi ments the proton exchange in this species is so rapid that on the N M R time scale a coalescence of the resonances of the oxygen-bound carbon atoms (and hence, also of the other three carbon atoms) of 1 b takes place. The effective charge at the oxy gen atoms in 1 b would then be -1/3 vs. zero in the neutral 1 a, which explains the downfield shift of the signals of C 1, C3 and C5, in agreement with the observation that under conditions where the aver age charge at oxygen is -1 the signal o f these car bon atom s is found at Ö 170 ppm (see below). There is no signal ascribable to any of the tautomers 2 a or 2 b.
As the second pK value (pK 2 = 9.2 [6] ) is ap proached, signals that may be attributed to the 3,5-dihydroxy-2,5-cyclohexadienone dianion 2 c become evident (methylene carbon C4 at Ö 46 ppm, carbonyl carbon C 1 at S 197 ppm), C2, C6 at <5 101 ppm, and C3, C5 at Ö 188 ppm). These data allow to place an upper limit on the relative abundance of other possible keto tautom ers, 2 a and 2 b, if we assume a similar spectral pattern and relative peak intensity for 2 a and 2 b. Their contribution to the equilibrium mixture must be below 3 -5 % , con sidering that in 2c at its maximum relative abun dance in the pH range between 11 and 13, the signal-to-noise ratio of the signal at ö 101 ppm is close to 45, and of the signal at Ö 46 ppm, close to 20. The same argument rules out any substantial presence of 3 a, 3 b, and 4 a.
However, there is indirect proof o f some in volvement of 3,5-dihydroxy-2,5-cyclohexadienone (monoanion) 2b and/or cyclohexen-l-ol-3,5-dione (m onoanion) 3b (cf. Scheme 1). As seen from signals assigned to the dianion 2 c is observed whereas no broadening is observed o f the signals of the monoanion lb which is in equilibrium with 2c. This means that 2c is in an equilibrium, estab lished slowly on the N M R time scale (Scheme 2), with significant concentrations of a species other than 1 b and that the equilibrium of this species with Ibis established even more slowly. The fact that the broadening is only observed at pH values where dianion and m onoanion coexist suggests 2b and/or 3b as the most likely candi dates for this species, lc can be ruled out since its equilibrium with 1 b would be expected to be estab lished rapidly, whereas the equilibrium of 2b /3b with 1 b (via 1 c) would be expected to be estab lished slowly, in agreement with observation. But the choice between 2 b and 3 b may be narrowed down further. Since the establishment o f the equi librium between 2c and 2b /3 b is also slow on the n.m.r. time scale whereas that between 2c and 2b can be expected to be fast, the species in question must be 3 b; nothing can be said about the relative am ount of 2 b except that it must be low.
In the pH range between 11 and 13 where the 3,5-dihydroxy-2,5-cyclohexadienone dianion 2c predominates (see Fig. 2 ), no further signals are observed which would reveal a presence of the phloroglucinol dianion lc . Thus its contribution --------------------------p H ----------------------- to the tautom eric equilibrium 1 c/2 c must be below 3%. N ear p H > 13, new signals at Ö 170 and 100 ppm grow in; their relative abundance increases with increasing pH while the peaks attributed to 2c decrease (Fig. 2) . The two new signals are a t tributed to C 1, C3, C5 and C2, C4, C6 of the phloroglucinolate trianion Id . From the relative intensi ties o f the signals of the "methine" groups > CH [<5 98 ppm for l a and lb (3C), 3 100 ppm for Id (3C), and 3 101 ppm for 2c (2C)], the relative abundance o f the different species is calculated un der the assum ption that the intrinsic intensity of the resonances is not influenced by charge and tau tomeric state of the molecule. The results shown in Fig. 2 indicate a pK a2 near 9.5, and a pK a(2 c /ld ), a bit above 14.
The rise o f 2 c between pH 8 and 10 appears somewhat steeper than expected on the basis o f a two-component pH-dependence. This is mostly due to the existence of the hydrolytic equilibrium l a / l b with its pK at 8.0 [6] , causing a stronger bleeding-off o f 2 c which at that pH is in a state of equilibrium not only with 1 b but also a considera ble portion of 1 a. Moreover, the signal-broaden ing referred to above, leading to a worsening o f the signal-to-noise ratio of a signal that is already small near pH 8, may contribute to this behaviour.
According to Glasoe and Long [7] the pD o f a solute in D ,0 can be estimated using the relation ship pD = (pH reading) + 0.4. Moreover, in mix tures o f H 20 and D 20 the "p H " value is nearly linearly dependent on the deuterium content. Therefore, taking into account the presence of 40% D 20 the correction applicable to the experi mental pH readings in order to obtain the "true" pH am ounts to +0.16. This correction has been applied to the abscissa in Fig. 2 .
The spectrophotom etrical findings (Fig. 3 ) agree with the l3C N M R picture. A UV absorption band with a maximum at 348 nm begins to appear near pH 8, ascending near pH 9.2 through half its maximal value which it attains between pH 11-13, and declines again toward still higher pH, with a half-value close to pH 14.
This absorption band is attributed to the cyclohexadienone chromophore which in the present sys tem clearly becomes manifest in one species only. Since its characteristic 13C N M R and UV spectral signals both dom inate the pH range between 9 and 14, this species must be 2c. Fig. 3 indicates pK a2 and pK a 3 near 9.2 and 14, respectively, confirming the conclusion arrived at on the basis of the I3C N M R experiments. It is worth noting that pK a (1 b/2c) is not defined in the usual manner as the base 2 c is not conjugate to the acid lb . However, since Again, the rise of the absorbance near pH 8 (Fig. 3 
